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ABSTRACT 

We analyze theories in which a supersymmetric sector is coupled to a supersymmetry- 
breaking sector described by a non-linear realization. We show how to consistently couple 
M = 1 supersymmetric matter to non-supersymmetric matter in such a way that all in- 
teractions are invariant under non-linear supersymmetry transformations. We extend this 
formalism to couple M = 2 supersymmetric matter to Af = 1 superfields that lack M = 2 
partners but transform in a non-linear representation of the M = 2 algebra. In particular, 
we show how to couple an M = 2 vector to M = 1 chiral fields in a consistent way. This 
has important applications to effective field theories describing the interactions of D-brane 
world-volume fields with bulk fields. We apply our method to study systems where differ- 
ent sectors break different halves of supersymmetry, which appear naturally in models of 
intersecting branes. 
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1 Introduction 



With the advent of D-branes fl[], string theory has provided new and exciting mechanisms 
of supersymmetry breaking. Traditionally, most semi-realistic string models were super- 
symmetric at the string scale and supersymmetry was broken by a field theory effect. The 
auxiliary field of some supermultiplet would get a vacuum expectation value in the effective 
supergravity theory. This gave rise to mass splittings for the supermultiplets through the 
super-Higgs effect. Since the discovery of D-branes, it became clear that there are phe- 
nomenologically interesting models where supersymmetry is broken by stringy effects (e.g., 
H H f|, U). Parallel D-branes break half of the supersymmetry that is present in the bulk. 
The fields arising from the open string excitations, which are confined to the world-volume 
of the D-branes, only fill multiplets of the smaller supersymmetry algebra. Part of the su- 
persymmetry is explicitly broken on the D-branes, since the world-volume fields lack the 
corresponding superpartners. Supersymmetry can be completely broken by adding anti-D- 
branes, which preserve the other half of the bulk supersymmetry. Thus supersymmetry is 
broken in a non-local way in such models. Each sector taken separately preserves part of 
the supersymmetry. A very similar situation arises in models containing stacks of D-branes 
at angles that intersect each other (e.g., || [7j). There is an extended supersymmetry on 
each stack of D-branes, but only a fraction of this supersymmetry is preserved at each inter- 
section. Supersymmetry is completely broken in models where different intersections break 
different fractions of supersymmetry. 

The field theory of such models is interesting in its own right. Supersymmetry is broken 
explicitly but non-locally. As a consequence, there are no mass splittings and no quadratic 
divergences at one- loop J7|. In the present article, we would like to study an effective field 
theory description of this supersymmetry breaking mechanism. 

To determine the couplings of the bulk fields to the boundary fields, it is important to note 
that the part of supersymmetry that is broken on the D-branes is still non-linearly realized. 
This statement has not been rigorously proven but there is much evidence in favor of it. For 
concreteness, consider a single D3-brane in flat ten-dimensional space. From the space-time 
point of view the translational invariance transverse to the brane is spontaneously broken 
in the sense that the brane is located at some definite position but all possible positions 
have degenerate potentials ||. Similarly, half of the supersymmetries are spontaneously 
broken. From the world-volume theory point of view the breaking seems to be explicit 
since the world-volume fields lack the superpartners that would correspond to the broken 
supersymmetries. However, the broken symmetries are non-linearly realized and it is easy to 
identify the associated Goldstone fields. In the world-volume theory, position in transverse 
space is parameterized by the expectation value of the six scalar fields inside the Af = 4 
vector multiplet. These scalars having no potential are the Goldstone bosons of broken 
translational invariance. Interestingly, the Af = 4 vector multiplet contains just the right 
number of fermions to provide four goldstinos corresponding to the breaking of the original 
M = 8 supersymmetry down to Af = 4. Let us now compactify four of the transverse 
dimensions on an orbifold that preserves half of the supersymmetry and place the D3-brane 
at an orbifold singularity. This projects out half of the fields on the D3-brane world-volume 
and leads to an Af = 2 U{1) gauge theory. The two scalars inside the Af = 2 vector are 



1 



the Goldstone bosons corresponding to broken translational invariance in the two directions 
where the brane can still be moved. Again the goldstinos corresponding to the broken 
supersymmetries are the superpartners of the Goldstone bosons of translation symmetry. 
If we compactify all six transverse dimensions on an orbifold that preserves only a quarter 
of bulk supersymmetry and place the D3-brane at an orbifold singularity, then there is no 
modulus left that would correspond to the motion of the brane in transverse space. Indeed, 
there is no scalar in the Af = 1 vector that survives the orbifold projection on the brane. 

In a beautiful paper |§, Bagger and Galperin have analyzed the goldstino couplings that 
are necessary to have non-linearly realized Af = 2 supersymmetry in a manifestly Af = 1 
invariant U(l) gauge theory. Amazingly, the assumption that the gaugino is the goldstino 
of partially broken Af = 2 supersymmetry implies a supersymmetric generalization of the 
Born-Infeld action for the U(l) vector multiplet. This is further evidence for the conjecture 
that the supersymmetries that are broken on the D-branes are really non-linearly realized. 
In this article, we use the formalism of partially broken supersymmetry developed in H] to 
determine the bulk-to-boundary couplings, that is the couplings of fields on which Af = 2 
supersymmetry is linearly realized to fields that form non-linear realizations of A/" = 2 
supersymmetry^ We apply our results to situations where different sectors break different 
halves of supersymmetry, but all sectors realize supersymmetry (at least) non-linearly. We 
call this scenario pseudo-supersymmetry. 

Additional evidence for non-linearly realized supersymmetry on D-branes was pointed 
out by the authors of |L2| (see also JTB|). They argued that consistent gravitino couplings 



are very constrained and that it is hard to imagine how these constraints can be satisfied 
without supersymmetry. For a non-supersymmetric type I string model they showed that 
supersymmetry broken on the D-branes is indeed non-linearly realized. One of the gauginos 
of the world- volume theory is a gauge singlet and has just the right couplings to be the 
Goldstone fermion of broken supersymmetry. In contrast to models of spontaneously broken 
supersymmetry, however, no description of these string models in terms of linear supersym- 
metry broken by some super-Higgs effect is known. The scale of supersymmetry breaking is 
not a tunable vacuum expectation value of some field but it is tied to the string scale. The 
non-linear goldstino couplings have been determined by performing a string computation in 
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The paper is organized as follows. In the next section we review non-linear realizations 
of supersymmetry. In section 3, it is shown how to couple A/" = 1 sectors to Af = sectors in 
such a way that all interactions are invariant under either linear or non-linear supersymmetry. 
We then review and generalize the formalism of non-linear realizations applied to partially 
broken Af = 2 supersymmetry. This formalism together with the method to couple sectors 
of non-linear supersymmetry to sectors of linear supersymmetry are used in section 5 to 
determine the couplings of Af = 2 multiplets to Af = 1 matter. In section 6, we apply these 
results to a toy model of pseudo-supersymmetry. Some open questions are outlined in the 
outlook. Finally, our notation is explained in the appendix. 



1 This work is related to a problem discussed in |L(|. It was motivated by where the couplings of an 
Af = 2 bulk vector to Af = 1 boundary chiral fields were determined. A crucial difference is that in , half 
of the components of the bulk vector were projected out on the boundary, whereas in the present work, all 
components of bulk fields survive on the boundary. 
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2 Review of non-linearly realized supersymmetry 



Supersymmetry is certainly broken at low energies. It is therefore not very surprising that 
the non-linear realization of supersymmetry was analyzed ITR [IBJ, |17], [18| even before the 
importance of linear supersymmetry |19[ was realized. Let us briefly review the formalism 
developed in |TR [TBI, O in our notation. 



The simplest model of non-linearly realized supersymmetry contains just one fermion, 
the goldstino X g . The supersymmetry variation of the goldstino is [|TJ| 
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5^X g = -£ - Kv?d m \ g , where vT = iX g a m t; - i£,a m X g 



(2.1) 



The constant k has mass dimension —2. It can be interpreted as the scale of supersymmetry 
breaking. We use the spinor conventions of Wess and Bagger |2(J . 



This transformation realizes the supersymmetry algebra JIB 

[5 V , <%] X g = -2i (T)a m £ - ia^) d m X 



To construct an invariant action, we define IIS 



and note that 



= 8™ - in 2 d m X g a n X g + in 2 X g a n d m X g 
8$ det(u) = — k d m (v™ det(t 



This shows that [15| 

•Sgoldstino 
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/ 



2k 2 



d x det(u;) 
1 i 

~7T^ ~ - {X g (y m d m X g — d m X g a m X g ) 



(2.2) 

(2.3) 
(2.4) 

(2.5) 



0{k 2 ) 



is invariant under the non-linear supersymmetry transformation (|2.1|) . 

The supersymmetry algebra can be realized on any field / — which may be a Lorentz 
scalar, spinor, vector or tensor, but we suppress all Lorentz indices for simplicity - - by 



assigning to it the transformation law [ Ig, [17 



It is convenient to introduce covariant derivatives 



An/ 



CO 



dnf, 



(2.6) 



(2.7) 



such that 8^(D m f) = —KV^d n (D m f). To be able to generalize this to gauge covariant 
derivatives, we assign a transformation law to gauge fields that differs from the standard 
non-linear realization (|2.6|) but nevertheless realizes the supersymmetry algebra p2|, p3| , 

5^A m = k v%d n A m - k (d m v^)A n . (2.8) 
3 



This implies that the gauge covariant derivative |23[ 

V m f = (oo- 1 ) n (d n f + tA n f) (2.9) 



transforms as 5^(D m f) = —KV^d n (V m f) under the non-linear supersymmetry. Finally, we 



define P3 

Fmn= (u- l )^(u- 1 ) l n {d k A l -d l A k -i[A k ,A l \), (2.10) 



which transforms as S^rnn = —Kv^dkFmn- 
It is now clear that 

Setter = Jd 4 xdet{u)(-V m f(V m f^-V(f)-^ n r mn ^ (2.11) 

is invariant under fl2.1|) , (|2.6|) , (|2.S| ) for any function V. More generally, any Lorentz invariant 
Lagrangian £ can be made invariant under the non-linear supersymmetry by coupling it to 
the goldstino via 

£ SU sy = det(io)C = C + tK 2 (X g a m d m Xg-d m X g a m X g )C' + 0(k 4 ), (2.12) 

where C is obtained from £ by replacing all partial or gauge covariant derivatives by 
the supercovariant derivatives defined above and F mn by T mn . It is easy to see that C snsy 
transforms into a total derivative, <^£ S usy = ~ K d m (v™ £ susy ) . 

Sometimes it is useful to consider a different non-linear realization whose action on the 
goldstino X g is defined by |24|, |25 



= -Z - 2iK \^ m ld m Xg. (2.13) 

This transformation is related to the standard transformation through a field redefinition. 
One can show [^Tj] that X g (x m ) = X g (x m + iK 2 X g a m Xg) transforms as in (|2.1|). We call ( ^.13[ ) 
the chiral version of the non-linear realization (|2.1|) because it involves only left-handed 
spinors. 

The action of the chiral non-linear supersymmetry on matter fields is given by 

8^ = -2iK\ g a m ld m f. (2.14) 



3 Non-linear realizations from linear realizations 

Consider theories of the form C = C1 + C2 + C12, where the fields in L\ have no superpartners 
and realize supersymmetry non-linearly, and the fields in £ 2 are in M = 1 supermultiplets 
with a linear realization of supersymmetry. The term Cu contains the couplings between 
the two sectors. We want to find the restrictions on these couplings arising from the require- 
ment of supersymmetry. In other words, we would like to determine how to consistently 
couple the sector of linearly realized supersymmetry to the sector of non-linearly realized 
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super symmetry. Our strategy will be to find for each superfield F = (f,ipi,ip2, • • •) a com- 
posite field / consisting of the goldstino and the components of F which, in the limit k —>■ 0, 
reduces to /, the lowest component of F . This composite field has to be chosen such that 
the non-linear transformation of the goldstino and the linear transformations of the compo- 
nents of F induce the standard non-linear realization on /. The composite field / can be 
consistently coupled to the sector of broken supersymmetry. Thus, if we know how / couples 
to the non-supersymmetric matter in the limit k — > 0, then the supersymmetric completion 
of these couplings is obtained by replacing / by /. 

3.1 Coupling a chiral superfield to non-supersymmetric matter 

To clarify what we mean by this, let us discuss a simple example. Consider a chiral superfield, 
$(x L ) = <j){x L ) + V26ip(x L ) + 66F(x L ), where x% = x m + i6a m 6. (3.1) 
The supersymmetry transformations are 

5^ = V2^, 

5& = iV2a m Zd m <f> + V2ZF, (3.2) 
5^F = i^f2io m d m i\). 

It is straightforward to check that the composite field 

L = 0- KV^Xgtfj + K 2 \g\gF (3.3) 



transforms precisely according to the chiral non-linear realization (p.!4[) if the goldstino X g 
transforms according to ( |2.13| ). Moreover, one can verify that 

0(x m ) = Mx m + iK 2 \ g a m \ g ) 

= cj) — Ky2X g ip + k 2 XgX g F + ik 2 X g a m \ g d m (j) 

+ J_ K 3 Xg X g d m lPa m Xg + -K^XgXgXgXgU^, (3.4) 

where all fields in the last two lines are taken at the argument x m , transforms precisely 
according to the standard non-linear realization (|2.6| ). This shows that the components of 
the superfield $ can be consistently coupled to sectors of non-linearly realized supersymmetry 
through the combination </>. 

Let us work out the couplings of a bulk dilaton to brane gauge fields. We consider a 
model where supersymmetry is completely broken on the brane and the only degrees of 
freedom in the effective theory are the gauge fields. The bulk is M = 1 supersymmetric 
and the dilaton is in a chiral supermultiplet $ = (<f),ip,F). Using the above result and the 
formalism outlined in the previous section, it is easy to find the supersymmetric completion 
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of the dilaton coupling term (0 + (ft) F mn F mn . By construction, 

S = J <fx det(w) Q) + $)T mn T m n (3.5) 
= J d A x ((0 + ^- K V2 (X g 4j + \ g $)) F mn F mn + 0(k 2 )) 
is invariant under the non-linear supersymmetry transformations. 

3.2 General formalism 

It is straightforward to generalize the above result for chiral superfields to arbitrary super- 
fields. We note that (|3.4j) is just the usual superspace expansion of a chiral superfield with 
the Grassmann variable 9 replaced by —nX g . We will now show that this prescription is 
valid for any superfield. That is, from the components of an arbitrary superfield F, one can 
build a composite field that transforms as in fl2.6|) by replacing 9 — > —nX g in the superspace 



expansion of F. This result was already discovered long ago |2l|]. We will rederive it here 
taking a slightly different approach. 

Let F be an arbitrary superfield with component expansion 

p _ e 8Q+8Q j 

= f + 9ip 1 + 9^2 + 99m + 99n + 9a m 9v m + 999 X i + 990X2 + d099d, (3.6) 

where the action of the supersymmetry generators Q, Q on / is defined by {^Q+^Q) f = 6%f. 
The explicit transformation rules for the components of F are given below. 

It is well known that the effect of a supersymmetry transformation acting on F is a shift 



in superspace [16, 20 



F'{x,9,9) = e^ Q+m F{x,9,9) 

= F{x m - i{£a rn 9 - 9a rn O,9 + f , + = F(x',9',9'). (3.7) 

The goldstino can be viewed as a hypersurface in superspace defined by 

9 = -k\ 9 (x). (3.8) 
The requirement that this hypersurface be invariant under supersymmetry transformations, 

9'(x) = 9{x') -K\' g (x)+£ = —k X g (x'), (3.9) 
implies (for infinitesimal £) 

X' g (x) = X g (x) + h + ™ (^ m A 9 (x) - X g (x)a m d m X g (x), (3.10) 
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which coincides with the transformation law ( |2.1| ). The transformation of a field (p(x) in 
the goldstino background is determined by the condition that tp(x) be well-defined on the 
hypersurface ( |3.8| ), i.e., ^p'(x) = (f{x'). This implies the transformation law ( |2.6| ). 

Now, consider the superfield F restricted to the hypersurface fl3.8|) . 



f(x) = F(x, —k X g (x), —k X g (x)). (3-11) 
Under an infinitesimal supersymmetry transformation it varies as 

Sj(x) = m{ia m \ g {x) - X g (x)a m OdJ(x) = -KV?d m f{x), (3.12) 
which is what we wanted to prove. It is straightforward to verify explicitly that 

/ = / — K \ g 1pi — K \ g Tp2 + ^ 2 ^g^g m + ^ ^g^g m + ^ X g a m XgV m 

-K 3 XgXgXgXl ~ ^ \gXgXg\2 + ^ XgXgXgXgd (3.13) 

varies as in ( ft. 12] ) using the component field variations 

= 2£m + a m £(v m + id m f) 
5$ 2 = 2Zn + a m Z(-v m + id m f) 

% — % — — 

— % — 

1 _ 

S^n = ix2 + 2 & m d m i>2 

5^X2 = 2id- % -o n o m td m v n + io m ld m n 

5^d = l -& m d m Xi- l -d m X2V m l (3.14) 

and the goldstino variation (|2.1|) . 

It is now clear how to couple the components of the superfield F to bosonic or fermionic 
fields fa without superpartners in such a way that all interactions are invariant under the lin- 
ear and non-linear supersymmetry transformations acting on F and fa respectively. Assume 
that the coupling of / to the non-supersymmetric fields is of the form V(f,d m f,fa,d m fa), 
where V is some function of the fields and their derivatives. The supersymmetric completion 
is then obtained by replacing partial derivatives by covariant ones and / by /. That is, the 
invariant interaction is V(f, D m f, fa, D m fa) where D m is defined in 
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Let us now see how the chiral version of non-linear supersymmetry, eqs. fl2.13Q , ( |2.14j ), 
can be understood in this formalism. A chiral superfield $ is a function of xl and 9 only, 
where 

x ™ = x m + i6a m 6. (3.15) 
In the (xl, 0) basis, the superspace expansion of $ is simply given by 

$ = e d Q(f) = (f) + y/2 6ip + dOF. (3.16) 

A supersymmetry transformation acting on $ yields 

&(x L ,6) = e^ Q+m ^(x L ,e) 

= + 2i6<j m l + ii<j m l,6 + i) = $>(x' L ,e'), (3.17) 

where we used Qa4> = 0. 

The chiral goldstino X g can be viewed as a hypersurface in chiral superspace defined by 

9 = -k\ b (x l ). (3.18) 

The requirement that this hypersurface be invariant under supersymmetry transformations, 

6'{x L ) = 9(x' L ) -K\' g (x L )+£ = -k\ 9 (x' l ), (3.19) 

implies (for infinitesimal £) 

K( x l) = \{x L ) 2i« \{x L )<y m id m \ g {x L ), (3.20) 

a K 



which coincides with the transformation law ( |2.13| ). As a byproduct, we find the relation 
\{ x l) = ^g( x ), where x™ = x m + in 2 \ g (x L)a m \ g (x l) . The transformation of a field <p{x£) 
in the chiral goldstino background is determined by the condition that (p(xl) be well-defined 
on the hypersurface ( |3.18| ), i.e., <ff(x£) = ip(x' L ). This implies the transformation law ( |2.14j ). 

Now, consider the superfield $ restricted to the hypersurface (|3.18|) , 

L (x L ) = §(x L ,-K\ g (x L )). (3.21) 

This is exactly the composite field 4>l, defined in ( p.3|) . Under an infinitesimal supersymmetry 
transformation it varies as claimed above, 

5^ L (x L ) = -2iK\ g (x L )a m £d m Mx L ). (3.22) 



3.3 Coupling a vector superfield to non-supersymmetric matter 

The case of a vector superfield is slightly more complicated because the supersymmetry 
algebra only closes up to a gauge transformation. But we can learn some interesting physics 
by working out the couplings of an M = 1 vector to non-supersymmetric matter. 
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Consider a vector superfield in the Wess-Zumino gauge 

V = -9a m 9A m + i999X-i999X + -9999D. (3.23) 

For simplicity we concentrate on an Abelian vector; the generalization to non-Abelian gauge 
symmetry is straightforward. The supersymmetry transformations are 

S^A m = -i \a m £ + i £cr m A, 
S $ X = a mn £F mn + i£D, 

5^D = -d m \a m l - £a m d m X. (3.24) 
The couplings of A m to bosonic fields fa are of the form 

A) = ~E ( dm +i<liA m )4>i (dm -iqiA m )(j>l (3.25) 

i 

where qi are the charges of the fields fa. To find the supersymmetric completion of this 
Lagrangian, we first need to find a superfield whose lowest component is A m . This can be 
easily constructed by computing 

A 8Q+9Q a 

= A m + i 9cr m X - i Xcr m 9 - 9a n 9 (F mn - r] mn D) 

-999 (a mn d n X - ^dj^) ~ 099 (a mn d n X - l -d m X^ + -9999 d n F mn . (3.26) 

From the previous subsection, we expect that the field that couples covariantly to non- 
super symmetric matter is 

A m = A m — %k Xg<j m X + in X(T m Xg — k 2 X g (J n Xg (F mn — 7] mn D) 



■ XgXgXg ( O^C^A — — 9 m A^ + ft 3 XgXgXg ^ (T mn d^ X ~ ^mX 

9 n F mn . (3.27) 

The explicit computation of the supersymmetry variation of A m shows, however, that S^A m 
is not exactly of the form fl3.12j ) but rather is given by 

8 c A m = -KV%(d n A m -d m A n ). (3.28) 

The additional second term is only at first sight unexpected. It can be traced to the fact 
that the commutator of two supersymmetry transformations acting on A m closes only up to 
a (field-dependent) gauge transformation, 

[8 v ,5 t ]A m = 2i{r ] <T n l-ia n ff)F mn . (3.29) 
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The term k d m A n in (|3.28 ) is not a gauge transformation, but interestingly, we find that 



the variation of A m agrees with fl2.8| ) up to a gauge transformation. 

5^A m = -Kv^d n A m - Kd m v^A n + Kd m (v^A n ). (3.30) 
This allows us to build gauge covariant derivatives defining 

V m fa = (u' 1 ) (d n fa + iqiA n (f>i). (3.31) 

To cancel the gauge variation of A m under 8%, we need to modify the non-linear supersym- 
metry transformation of fa from the standard form (|2.6p to 



= -Kv^(d m fa + iq i A m fa). (3.32) 

A short calculation shows that the Lagrangian 

C = - det(u) J2 V m fa (Vmfarf (3.33) 

i 

is indeed invariant up to a total derivative under the above supersymmetry transformations. 

4 Partially broken extended supersymmetry 

Let us see how the formalism presented in the preceding sections generalizes to the case 
of non-linearly realized Af = 2 supersymmetry. We are interested in situations where an 
M = 1 subgroup is still linearly realized, i.e., the extended supersymmetry is partially broken. 
Specifically, we focus on cases where the spectrum and all interactions are manifestly M = 1 
super symmetric but the Af = 1 superfields have no Af = 2 partners. The goldstino \ g resides 
in an Af = 1 supermultiplet A g in such models. This can be a chiral a vector or a 
linear multiplet [p^] . We concentrate on the case where the goldstino is the superpartner of a 



U(l) gauge boson because this seems to be most appropriate for the study of supersymmetry 
breaking on D-branes. 



4.1 An action for the goldstino superfield 

We start by considering a model that only contains the goldstino and its superpartner, a 
£7(1) gauge boson. The generalization of the goldstino transformation law ( |2.1| ) is [ffijfl 

5* v A g = -r)-KV™d m A g , where V™ = ik g a m f] - ii]a m A g , (4.1) 

Ag is a superfield with X g as its lowest component and the star on 5* is to remind us that we 
are varying with respect to the second supersymmetry. Again, it is useful to also consider a 
chiral version of this transformation law | 28| , which generalizes (|2.13|) , 

5* v A g = - V - 2iKA g a m fjd m A g . (4.2) 

K 



10 



This transformation is related to the standard transformation ( |4.1| ) through the field redefi- 



nition A g {x m , 6, 9) = A g (x m + iK 2 A g a m A g , 6, 6). 

Since the goldstino superfield A ga , where a is a Weyl spinor index, has the same lowest 
component as the field strength superfield W ga associated to the U(l) gauge boson, it is 
natural to expect that one could identify these two superfields, A g a ~ ^V ga . This, however, 
can only be true to zeroth order in an expansion in powers of k. The reason is that the 
transformation (O) is not compatible with the conditions that have to be satisfied by the 
field strength superfield: 



DaWgf, = 

Note that an identification of the form A 



D a W n 



ga 



D n W„ c 



(4.3) 



ga W ga is not possible either, because Q4.2Q is 
only compatible with the first but not with the second condition in ( f4.3|) . 

If one insists that the goldstino is the lowest component of W ga , one has to find a 
transformation law for W ga which differs from ( |4.1 ) but still realizes the supersymmetry 
algebra and is compatible with the conditions Q4.3|) . This transformation was determined by 
the authors of || and is given by^ 



s;w ga 



2 

-Vc 

K 



t ^D 2 Xr ]a + 2iK(a m r ] ) a d m X, 



(4.4) 



where X is a chiral superfield (of mass dimension 3), determined through the recursive 
relation 

1 W 2 

X = 4 2 9 . (4.5) 

1 + f D 2 X V ; 

this relation can be explicitly solved for X. In our notation, 



Using the tricks explained in 
the result is 

X 



l W f _ ^D 2 



4 



32 



W 2 W 2 

9 9 



1 + \ B 2 - A 



where A = ~ ( l) l W g z + D' z W g 



B 



D 2 W g 2 - D 2 W g 



(4.6) 



To verify that (|4.4j) realizes the supersymmetry algebra, note that one has || 



s;x 



-w gV . 

K 



(4.7) 



An immediate consequence of the X transformation law fl4.7|) is that 



C 



d 2 9X + 



d 2 ew 2 + , 

9 4 



d 2 ex 
1 



d 2 9W g z + 



d 2 9d 2 9W 2 W 2 + 0{k a 



'Our notation and conventions are summarized in the appendix. They differ from those of §. 



(4.8) 
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is invariant up to a total derivative under the second supersymmetry. This reduces to the 
usual Lagrangian for a supersymmetric gauge multiplet in the limit k — > 0. The exciting 



feature of the Lagrangian ( O ) is that its restriction to the bosonic terms coincides precisely 
with the Born-Infeld Lagrangian [p9 l- Indeed, it has been shown in [g] that the bosonic 
terms of ( |L8| ) can be written as 

£ bos = ~2 ( 1 ~ \/-det(?7 ?n „ + KF mn ^j . (4.9) 

The requirement of non-linearly realized M = 2 supersymmetry implies an TV = 1 super- 
symmetric generalization of the Born-Infeld action for the goldstino superfield if we assume 
that the goldstino resides in a vector multiplet. 

We are now in a position to give the precise relationship between W g and A g that trans- 
forms according to the chiral standard transformation. One can verify that the superfield 

- W 

A ga = 2 7° _ (4.10) 



transforms as in (|4.2|) . In terms of A 9 , the Lagrangian (|4.8| ) can be written as 

£ = Jd 2 6E L A g A g + J d 2 6E R A g A g , 

2 2 

where E L = 1 + ^^ 2 X, E R = 1 + ^D 2 X. (4.11) 



Note that A g and are chiral superfields, i.e., DuAgp = = DaE L . From ( (4.7|) , one finds 



that Ei transforms as a chiral density under the non-linear supersymmetry transformation, 

5*E L = -tKd m Wa m f] = -2iKd m (E L A g a m fj). (4.12) 

4.2 jV = 1 matter fields in the goldstino background 

With the above results, it is straightforward to include M = 1 matter fields that couple to 
the goldstino in such a way that all interactions are invariant under the non-linear M = 2 



supersymmetry. A chiral superfield $ transforms as |28j 

5*$ = -2iKA g a m f]d m ^. (4.13) 
From the transformation law ( |4.12j ) of the chiral density El, we find that 

£ pot = Jd 2 6E L V^) + jd 2 6E R V{&) (4.14) 

transforms into a total derivative for an arbitrary analytic function V. This generalizes the 
leading order result obtained in || to all orders in k. 
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To find a generalization of the kinetic terms / d 2 6d 2 6 <3>^<3>, we define 

A g (x,e,9) = A g (x m + iK 2 A g a m A g ,6,6), 
${x,6,6) = $(x m + iK 2 A g a m A g ,6,6), 

E(x,9,9) = E L {x m + iK 2 A g a m A g ,8,6) (4.15) 

and note that A g transforms as the goldstino superfield ( |4.1|) and $ transforms as 

5;$ = -iK(A g a m fj- W m A g )d m ® = -nV v m d m $. (4.16) 

This is the standard non-linear realization for a general superfield. A natural guess for an 
invariant action is 



£ kin = J d 2 8d 2 6EK ($,&), 



1 22 
where E = - (E + &) = 1 + ^D 2 A 2 g + ^D 2 A 2 g + 0(k 4 ), (4.17) 



and the Kahler potential K(Q, <§>>) is an arbitrary real function of <3>, $L To order k 2 , this 
agrees with the Lagrangian of ||. It is easy to check that the 0(1/ k) and the 0(k) terms 
cancel in the variation of the Lagrangian. Whether the invariance also holds to higher orders 
in k is not clear to us. 

A vector superfield V can be chosen to transform according to the standard non-linear 
realization ( f4.16|) , 

5*V = —k (iA g cr m fj — ir]a m A g ) d m V. (4.18) 

The transformation of the field strength superfield W a derived from the vector V is non- 
standard and very complicated. But it is possible to construct an M = 2 covariant field 
strength W a that transforms according to ( 4.13 ). This implies that 

£ gauge = J d 2 6d 2 9E&e v <S> + ^Jd 2 6E L WW + ^Jd 2 6E R WW (4.19) 

is invariant up to a total derivative. 

To obtain W a , we have to introduce covariant derivatives V a , V a , D m that reduce to 
D a , D a , d m in the limit k — » and satisfy 

5;(V a V) = -KV™d m (V a V) (4.20) 

and similarly for V a , D m . The explicit expressions for V a , D a , D m , as derived by the 
authors of ||, are given in the appendix. It follows that 

W° = -^V 2 V a V (4.21) 

transforms according to the standard non-linear realization ( |4.16| ). (For simplicity, we con- 
centrate on an Abelian gauge symmetry.) However, W° is not gauge invariant. 
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To understand the reason for this, let us first see how gauge invariance is achieved for 
the M = 1 field strength superfield W a = — ^D 2 D a V. A gauge transformation acts as 
V — > V + i(A — A"!") on the vector superfield, where D&A = 0. The latter condition ensures 
that a chiral superfield $ remains chiral under a gauge transformation $ — > e~ lA $. Gauge 
invariance of H^ follows from the fact that D&A = by using the commutation relation 
[D 2 ,D a ] = Ai(a m D) a d rn . 

Returning to the case of non-linearly realized M = 2 supersymmetry, we note that the 
superfield $ appearing in (|4.19|) and defined in ( [4.15| ) is not an M = 1 chiral superfield in 
the sense that D&Q ^ 0. However, one can show M that T>^ = if = 0. Thus, the 
condition on the gauge parameter A has to be generalized to V^A = 0. This guarantees that 
the M = 2 chirality of P^f = 0, is preserved under gauge transformations. 

An explicit computation of the commutation relation [D 2 ,T> a ] using the formulae given 
in the appendix yields 

[V 2 ,V a ] = UD m {a m V) a -UK 2 V a {A g a m )^VfA]D m V^ 

-2iK 2 V a (A g a m )^V 2 A]D m + 0(k 4 ). (4.22) 

This implies 

V 2 V a (A - A 1 ") = [V 2 ,V a ]A = -2iK 2 V a (A g a m )^V 2 AlD m A + C(k 4 ). (4.23) 
As a consequence, W° as defined in ( |4.21|) is not gauge invariant. But 

W a = ~(v 2 V a -K 2 V a A^ g V 2 Ap^ + 0(^))V (4.24) 

is gauge invariant and still transforms according to the standard non-linear realization ( (4.16[) 
up to order n 2 . Finally, 

W a (x,0,6) = W a (x m — in 2 A g cr m Ag, 9, 6) (4.25) 

has the desired chiral transformation law (|4.13| ). 

Note that it is not possible to couple charged matter to the goldstino gauge multiplet. 
The term 

£ gauge = I d 2 ed 2 eE&e v *<$> (4.26) 



is not invariant, because of the shift in V g . Here, V g is the vector superfield containing \ g , 
i.e., W ga = —\D 2 D a V g . From the transformation of W ga , eq. (O), we find 

S*V Q = - (66- k 2 X)0T] + - (66 - k 2 X) 6fj. (4.27) 

Therefore, ^£ ga u g c = \{i\B + fjD){E & 'e v ^\ =Q . 

This is not a problem for D-brane models because there is no matter that is charged 
under the goldstino U(l) in such models. To see this, consider a stack of N D-branes. The 
gauge symmetry of the theory on world- volume of the D-branes is of the form Y\iU(rii), 
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with J2i n i — N. All matter fields are in bifundamental representations, (n^nj), for some 
i, j (this is the adjoint representation if i = j). The goldstino {7(1) is diagonally embedded 
in the D-brane gauge group, i.e., f/(l) go idstino = YaUi(1), where Ui(l) is the trace part of 
U{rii). As a consequence, all matter fields are neutral under £/(l) go idstino- This general 
argument applies to D-branes in the bulk, which break M = 8 supersymmetry to M = 4, 
and to D-branes at an orbifold fixed point breaking either M = 4 supersymmetry to M = 2 
or M = 2 supersymmetry to M = 1. In the case of extended supersymmetry on the D- 
branes, there is more than one goldstino. The world-volume theory of a stack of iV D- 
branes in the bulk, for example, is an N = 4 super- Yang-Mills theory with gauge group 
SU(N) x i7(l) goldstino- The four goldstinos inside the J\f = 4 {7(1) multiplet correspond to 
the four broken supersymmetries. The argument does not apply to D-branes at orientifold 
singularities. But supersymmetry breaking in orientifolds is not a partial breaking since bulk 
and (parallel) branes have the same amount of supersymmetry in such models. 

For the same reason, it is not possible to couple a chiral superfield to the goldstino gauge 
kinetic terms. The Lagrangian 

C = jd 2 6E L §k g \ g + J d 2 () E R ¥lgR g , (4.28) 

transforms as 8*£ — - j d 2 9 <&W g r) + ^ / d 2 6 &W g fj, which is not a total derivative. This is 
puzzling because in string theory the gauge coupling constant is related to the expectation 
value of the dilaton and the coupling of the dilaton superfield to the brane gauge fields should 
be of the form Q4.28Q . 

5 Coupling J\f = 2 multiplets to J\f = 1 matter 
5.1 General formalism 

We now want to include fields on which M = 2 supersymmetry is realized linearly and 
determine their couplings to the M = 1 superfields that have no M = 2 partners. The 
method will be a straightforward generalization of the one discussed in section 3. We work 
in the extended superspace spanned by the coordinates (x,9,9,9,9). Let T be an Af = 2 
superfield 3 which has the M = 1 superfield F as its lowest component in the 9 expansion, 
i.e., 

T = e° s+§S F, (5.1) 

where S, S are the generators of the second supersymmetry and the action of S, S on F is 
defined by (r]S + fjS) F = 8*F. 

The effect of a supersymmetry transformation acting on T is a shift in extended super- 
space. For a transformation of the second supersymmetry, one has 

F'(x,9,9,9,9) = e" s+ ^JF(x, 9, 9, 9, 9) 

3 We restrict ourselves to realizations of the Af — 2 supersymmetry algebra without central charge. That 
is, we assume {Q a , Sp} = 0. 
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= T[x m - i(ria m 9 - ~9o m ff), 9,9,9 + r},9 + fj). 

= T{x', 9', 9', 9', 9') (5.2) 

The goldstino superfield can be viewed as a hypersurface in extended superspace denned 

by 

9 = -kA 9 (x,9,9). (5.3) 

The requirement that this hypersurface be invariant under transformations of the second 
sup er sy mmet ry, 

9'(x,9,9) = 9{x',9',9') -k A' g (x, 9, 9) + rj = -KA g (x',9',9'), (5.4) 

implies (for infinitesimal rj) 

A' g (x, 9, 9) = A g (x, 9, 9) + - V + in (w m A 9 (x, 9, 9) - A g (x, 9, 9)a m f]) d m A g (x, 9, 9), (5.5) 

which coincides with the transformation law ( |4.1| ). 

Now, consider the Af = 2 superfield T restricted to the hypersurface (p.3|), 



F{x) = J r (x,9,9,-KA g (x,9,9),-KA g (x,9,9)). (5.6) 
Under an infinitesimal supersymmetry transformation it varies as 

5*F{x,9,9) = iK{ w m A g {x,9,9) - A g {x,9,9)a m f])d m F{x,9,9) 

= -KV™d m F(x,9,9). (5.7) 

The composite superfield F reduces to F in the limit k — > and transforms according to 
the standard non-linear realization ( |4.16| ). 



It is now clear how to couple the Af = 1 superfield F that is the lowest component of 
an Af = 2 superfield fF to Af = 1 superfields that have no Af = 2 partners in such a way 
that all interactions are invariant under the full Af = 2 supersymmetry. If we know how 
F couples to the $j in the limit n — > 0, then the Af = 2 completion of these couplings is 
obtained by replacing F by F. 

Let us now consider the chiral version of non-linear supersymmetry. A chiral Af = 2 
superfield $ is a function of x^, 9 and 9 only, where 

In the (xl, 9, 9) basis, the 9 expansion of $ is simply given by 

$ = e §s $ = $ + V29^ + 99F, (5.9) 
where $, ty a , F are chiral Af = 1 superfields. 
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A super symmetry transformation acting on $ yields 

&(x L ,6,6) = e" S4flS *(ar r ,0,0) 

_ e (e+ v )s-(2ea m fi+ V a m fj)p me fjS^^ XL ^ 

= ^(x^ + 2i6a m f] + i7]a m f] j e } e + 7]) = $(x' L ,9',9'), (5.10) 

where we used that = 0. 

The chiral goldstino superfield A g can be viewed as a hypersurface in chiral extended 
superspace defined by 

9 = -kA 9 {x l ,9). (5.11) 
The requirement that this hypersurface be invariant under supersymmetry transformations, 

~9'{x L ,9) = 9{x' L ,9') -kA' 9 (x l ,9)+t 1 = - K A g (x' L ,9'), (5.12) 

implies (for infinitesimal rf) 

A'(x L ,9) = A g (x L ,9) + - v - 2mA g (x L ,9)a m fjd m A g (x L ,9), (5.13) 

M K 



which coincides with the transformation law ( |4.2| ). As a byproduct, we find the relation 
A g {x L ,6) = A g (x,9,9), where x^ = x m + i9a m 9 + m 2 ~A g (x L , 9)a m k g (x L , 9). The trans- 
formation of an M = 1 chiral superfield &(xl, 9) in the chiral goldstino background is 
determined by the condition that Q(xl,9) be well-defined on the hypersurface (|5.11| ), i.e., 
§'(xl,9) = &(x' L ,9). This implies the transformation law ([4.13| ). 

Now, consider the Af = 2 superfield <fr restricted to the hypersurface (|5.11| ), 



${x L ,6) = &{x l ,6,-kA 9 {x l ,6)). (5.14) 
Under an infinitesimal supersymmetry transformation it varies as 

5*${x Ll 9) = -2iKA g (x L ,e)a m f)d m $(x L ,9), (5.15) 
which is the chiral standard non-linear transformation law ( |4.13| ). 



5.2 Coupling an J\f = 2 vector to M = 1 multiplets 

Let us work out explicitly the couplings of an Abelian M = 2 vector multiplet to M = 1 
matter. An M = 2 vector can be decomposed in an M = 1 vector V and an M = 1 chiral 
multiplet $. 

V = -9a m 9A m + i999\ {1) - i999X {l) + - 666 6 D 

$ = ( p + i6a rn 6d m (f) + -6dd6n ( j) + s/29\ m - -^99d m X^a rn 9 + 99F (5.16) 
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The field strength superfield W a = — \D 2 D a V has the component expansion 

W a = -zA« + 9 a D-t(a mn 9) a F mn + 9a m 9d m X^ + 99(a m d m X {1) ) a 

- l -ee(a m e) a (id m D - d n F mn ) - l -eeeeux^. (5.17) 

The supersymmetry transformations are (see, e.g., [30]) 

6^ = (e (1) A (2) - ^ (2) AW) , 

^ A (l) = a mn^(l) Fmn + •£(!)£, _ ,72a m e (2) «9 m - V^F*, 

5 f A {2) = a mn ^F mn - i^D + iV2a m l^d m (j) + \/2£«F, 

5^D = -e^V^AW-^A^a^+e^V^A^+^A^^e^, 

5^F = tV2 (e (1) a m 9 m A (2) + d m X w a m ^ 2 A . (5.18) 



One finds that the supersymmetry algebra closes on $, but on V it closes only up to a gauge 
transformation, 

[S;,SI\V = -2t(r l a m ^-^ m r ] )d m V + 9a n 9 (-2t( W m ^ - ^ m T]) d n A m ) . (5.19) 



We are interested in two different kinds of couplings. Firstly, the vector superfield V 
inside the M = 2 vector can couple to M = 1 chiral superfields $j. Secondly, the chiral 
superfield $ inside the J\f = 2 vector can couple to Af = 1 chiral superfields $j and to Af = 1 
field strength superfields W£. 

Let us start by constructing the Af = 2 completion of the Af = 1 supersymmetric gauge 
coupling term J d 2 9d 2 9^e v ^. According to the general formalism, developed above, we 
need to compute the 9 expansion of an Af = 2 superfield V that has the A/" = 1 vector V as 
its lowest component. Using 

5*V = -i9a m 9( V a m D& + f}a m D$), 

5*$ = -iV2Wrj, 

5;W a = ±fjDD a Q--jj=r ht B>&, (5.20) 



we find 



V = e es+BS V 



V - 9a m 9 



h m D$ + 9a m D&) - -^j= 9cr n 9 (Da m a n W + Da m a n W) 
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efe (a mn Dd n & - -Dd m ^ - Fee (a mn Dd n <$> - -Dd m ^j 



Then, we define 



V = V 



(5.21) 



(5.22) 



In the non-sup ersymmetric case, section [3.3| , we saw that the commutation relation 
[5j7,<y = — 2i(r]a n ^ — ^a n ff)F nm implied the transformation law 5^A m = —Kv^F nm . It is 
easy to generalize this to the present case. Taking into account the extra term in the com- 
mutator [6*, 8t\ V, eq. ( |5.19| ), one finds that eq. (|5.7|) is modified to 

5*V = -KV v m d m V-KV™8cr n 6d n A m} (5.23) 

where A m is the coefficient of —9o m 9 in the superspace expansion of V. This coincides with 
the expression for A m given in eq. ( 3.27|) . 

We want to couple V to J\f — 1 chiral multiplets that carry charges under the U(l) 
gauge symmetry of the vector V. To achieve this, we define 

&i(x,6,0) = Mx L ,6), where = x m + %9o m 9 + in 2 A g a m A g , (5.24) 

and modify the transformation law ( 4.16|) to 

= -KV v m (d m ^-^ qi ea n ed n A m ^, (5.25) 

Knowing how V and $j transform under the second supersymmetry, we conclude that the 
Lagrangian 

£ = J d 2 9d 2 9E<5>\e q ^<$>i 

= J d 2 9d 2 9 [l + m qi 9a m 9(A g a m D^ + A g a m D^))^\e^ v ^i + 0(k 2 ) (5.26) 

is invariant up to a total derivative. 

Next, let us construct the M = 2 completion of the M = 1 supersymmetric couplings 
/ d 2 6 f$ W a W a + P($, , where $ is the N = 1 chiral superfield inside the M = 2 vector 

and V is an arbitrary analytic function. The 9 expansion of the M = 2 superfield $ that 
has $ as its lowest component is much simpler than the 9 expansion of V. Since S&Q = 0, 
$ is an M = 2 chiral superfield. One finds 

$ = <5> -iV2 9W -^99D 2 &. (5.27) 

This implies that 

$ = <5> + iV2KA g W -~K 2 A g A g D 2 & (5.28) 
transforms according to the chiral standard non- linear realization ( (4.13 ) and 

C = J d 2 9E L ($W a W a + P(<M,)) + h.c. (5.29) 
is invariant up to a total derivative. 
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6 Pseudo-Supersymmetry 



The formalism explained in the previous sections is well-suited to analyze a class of very 
interesting supersymmetry breaking scenarios that arise naturally in string theory. In mod- 
els containing D-branes and anti-D-branes (e.g., |31| ) or intersecting D-branes (e.g., f7j), 



different sectors of the theory break different halves of supersymmetry, thus breaking super- 
symmetry completely but in a non-local way. All broken supersymmetries are non-linearly 
realized. Such a scenario is called pseudo-supersymmetry.Q 

Let us consider a toy model containing three sectors, a bulk sector with Af = 2 su- 
persymmetry and two boundary sectors preserving the first and second of the two bulk 
supersymmetries, respectively. We concentrate on cases where there is only an Af = 2 vec- 
tor (A m , \( 2 \ 0) in the bulk that couples to chiral multiplets $^ 2 - ) and gauge field 
strengths on the boundaries. Here are chiral superfields with respect 

to the first supersymmetry and &( 2 \ are chiral superfields with respect to the second 
sup er symmet ry. 

= + 9 a D^ - i(a mn 9) a F£l + 99(a m dJS l \ 

<J( 2 ) = 0( 2 ) + v / 2^ (2) +^F (2) 

W® = -zA<? +0 a D^ -i(a mn 9) a FW+99(a m d m \W) a (6.1) 

The Af = 2 vector (A m , \( 2 \ <fi) can be either split into two Af = 1 superfields with 
respect to the first supersymmetry. These are the vector V and the chiral multiplet $ 
defined in Q5.16Q . 



V = -9a m 9A m + i999\( 1) - «000A (1) + ^9966D 

$ = <p + iQ a m ed m <p + - 9999U(f ) + V2 9\^ - -^99d m \ {2) (T m 9 + 99F (6.2) 

4 \/2 

Or we can split the Af = 2 vector into two Af = 1 superfields with respect to the second 
supersymmetry. 

V' = -9a m 9A m + i999\ {2) - i999\® - - 9999D 

$' = (j> + iea n §d m <l>+^6666n<f>- V2 9X {1) + ^ r 99d m X {1) a m §-99F^ (6.3) 

4 \/2 

There are two goldstino superfields A g and in this class of models. A g (x,9,9) is as- 
sociated with the breaking of the second supersymmetry and A' (x, 9,9) is associated with 
the breaking of the first supersymmetry. In complete analogy to the partially broken super- 
symmetry discussed above, A^ is related to the chiral superfield A^ and the field strength 

4 A related situation with non-linearly realized J\f = 2 supergravity is analyzed in fiofl . 
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superneld W through eqs. (|4.15|) , ( |4.10| ), ( [4.6|) after putting primes on all fields and replacing 
9 by 9. 

To build an M = 2 invariant action, we construct chiral densities Ejp and from 
W g and W' respectively, as in ( 4.11 ), we form real densities E^ and E^ from A g and A' , 



respectively, as in (P7D , and we define $«, $( 2 ) from $( 2 ) as in (|5.24|) . Furthermore, 
we define the field strength superfields VV^ 1 -' and VV^ that transform covariantly under 
the second and first supersymmetry, respectively, as in ( |4.24j ), ( |4.25| ). Finally, we need to 



construct the composite superfields V, $ as in (|5.22|) , ( |5.21|) , (|5.28| ), and similarly for V', 



To obtain V, one first computes the M = 2 superfields V, <&' that have V, $' as their 
lowest component in the 9 expansion and then replaces 9 — > —k'A'. Here, we assumed that 
the first supersymmetry is broken at a scale k'~ 1 / 2 and that transforms as in ( |4.1| ) but 
with k replaced by k' . 

It is now straightforward to write down an M = 2 invariant Lagrangian for our toy model: 

C = d + C 2 + £ bulk , (6.4) 

where 

C x = J d 2 9d 2 9E^^ e v^ 

+ J d 2 9E^^{a + b^) W (1) W (1) +P(<M (1) )+A fl A g ) + h.c, 

+ J d 2 9E {2) (^(a' + b'&)w( 2 W 2) +P'(<I , ,<I (2) )+A;a;) + /i.e., 
£ bulk = J d 2 9d 2 9&e v <& + ^Jd 2 9WW + ^Jd 2 9WW, (6.5) 



and a, 6, a', 6' are undetermined coupling constants. A non-trivial superpotential V or V' is 
possible only if either the boundary fields $ ( - 2 - ) transform in real representations of the 
bulk gauge symmetry or if there are several oppositely charged fields on each boundary. 

It is interesting to note that the interactions ( |6.5|) preserve a U(1)r subgroup of the 
SU(2)r symmetry that is present in the M = 2 theory. Under this U(1)r symmetry the 
fields carry charges as shown in table |I[ This implies that the superfields V, $, V, V, 
$, V', Ej? and E^ all have R-charge 0, the superfields A g , VV (1) , W have R-charge 1 
and the superfields A^, VV^ 2 \ W have R-charge — 1. 

This toy model is very similar to open string models of intersecting D-branes. Consider 
three stacks of D-branes at angles that intersect each other. Choose one of the stacks, say 
the third, and call it the bulk sector. Imagine that an orbifold compactification breaks 
supersymmetry down to M = 2 on each of the three stacks of D-branes, when considered 
separately. But only the first supersymmetry is preserved at the intersection of first with 
the third stack, and only the second supersymmetry is preserved at the intersection of the 
second with the third stack. These intersections are the boundary sectors of our toy model. 
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field 


e 


9 


d 2 e 


d 2 e 




K 





A 


A (1) 


A (2) 




A(2) 


R-charge 


1 


-1 


-2 


2 


1 


-i 








1 


-1 


1 


-1 



Table 1: R-charges of the Grassmann variables 9, 9, the goldstinos X g , X' , the components 
of the bulk vector multiplet 



A m , X^\ X^) and the boundary gauginos A^, X^ . 



In models of intersecting branes, all gauge fields live in the bulk and the chiral matter fields 



are confined to the intersections. Thus a 



in such models. 



Supersymmetry is completely broken in the toy model described by the above Lagrangian 
because Ci and £2 preserve different halves of the bulk M = 2 supersymmetry. What makes 
this supersymmetry breaking scenario very interesting is that any two of the three subsectors 
Ci, £2, £buik are su P ers y mme tric when considered separately from the third sector. That is 
obvious for C\ + £tmik and £ 2 + £tmik- For L\ + £2, one has to set all bulk fields to zero and 
substitute 9 — > 9 in £2- As a consequence, only interactions that involve fields from all three 
sectors can generate mass splittings for the components of the supersymmetric multiplets. 
Such interactions only arise at two loops M. This implies that the supersymmetric non- 
renormalization theorems still apply at one loop. Thus there are no mass splittings and 
no quadratic divergences at one loop. The scalar masses squared arising at two loops are 
expected to be ~ (g / 'Air) 4 M 2 , where g is the gauge coupling of the bulk vector and M is the 
cut-off scale of the effective field theory^] A non- vanishing vacuum energy oly arises at three 
loops. This is similar to a two-site moose model studied in [[3^ . 



The fermion masses are protected to all orders in perturbation theory by the U(1)r sym- 
metry mentioned above. Generically, this U(1)r is broken down to a discrete subgroup by 
a quantum anomaly, but this discrete subgroup suffices to forbid fermion mass terms (as- 
suming they are not already present at tree-level). However, the U(1)r is broken explicitly, 
when the model is coupled to gravity. This is because the supercurrents corresponding to 
the two supersymmetries do not have well-defined R-charges in the goldstino background. 
The supercurrents are polynomials in the fields and their first derivatives. It turns out that 
different terms in these polynomials have different R-charges. To see this, first consider the 
sector Ci + £tmik- Note that the goldstino transformation law ( |4.1| ) is only compatible with 
the charge assignments of table [I] if we assign R-charge 1 to the supersymmetry variation 
parameter r\ whereas the vector transformation law ( J5.18 ) is only compatible with the charge 
assignments of table [3] if we assign R-charge —1 to the supersymmetry variation parameter 
rj = ^ 2 \ This apparent mismatch is not a problem as long as we deal with global supersym- 
metry. However, supergravity corrections include a term Mpf 1 ijjfff S^™" , where tpffl is the 
second gravitino and S^ m is the Noether current associated with the second supersymmetry. 



5 This reasoning is valid before integrating out the auxiliary fields D, F of the bulk vector multiplet. After 
integrating out D, F, the Langrangian contains direct couplings between the two boundary sectors (this has 
been found in a similar context in p^]). For our toy model, we implicitly assume that the two boundary 
sectors are seperated by some extra dimension such that direct couplings between the two boundaries are 
absent even after integrating out the auxiliary fields (see, e.g., (]Tl||). 
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From the definition of the supercurrent, 

^locai^giobai = S^ m d m rj + S^ m d m fj, (6.6) 

it is clear that S^ m has no well-defined R-charge if 77 has no well-defined R-charge. 

Interestingly, there is still an unbroken ^-symmetry that protects the fermions from 
acquiring masses. Under this Z 4 , all fields except A g and have charges as in table [|. The 
charges of the goldstino superfields are flipped, i.e., A g has charge —1 and has charge 1. 
This implies that the Lagrangian (|6.4| ) is ^-invariant. It is easy to see that the supercurrents 
have well-defined ^-charges (S^™ : —1, S^ m : 1) and that all interactions, including the 
coupling to supergravity, are Z4-invariant if we assign charge 1 to ip!£) and charge —1 to ipffl. 

Naively, one would expect that the second gravitino acquires a mass by eating the first 
goldstino. Indeed, the coupling of the the second gravitino to the second supercurrent, 
Mp/ ijjfflSW" 1 , contains a term[] (Mpi K,)~ 1 ip ( £ ) cr m X g . But it is not possible to eliminate the 
goldstino degrees of freedom by shifting the gravitino field appropriately (see, e.g., |3"3]]), 
^m' = + (2 5 m A 9 + im a m X g ) / VQ m, with m = (M P ik) _1 . The reason is that there is 
no mass term for X g . The goldstino remains massless even when coupled to supergravity.Fl 
Another way to see this is by considering the sector Ci + £buik ; which has unbroken M = 1 
super symmetry. The goldstino must remain massless because it is the superpartner of the 
massless U(l) gauge boson. This has the surprising consequence that the second gravitino, 
too, remains massless. Similarly, one finds that the first gravitino does not acquire a mass. 
Higher loop diagrams involving fields from all three sectors invalidate this argument and 
most probably will generate gravitino masses. Since the goldstinos are neutral under the 
bulk gauge symmetry, possible diagrams contributing to goldstino masses only arise at three 
loops. The first contribution to the vacuum energy appears at the same loop order. This 
leads to a vacuum expectation value for one of the auxiliary fields of the gravity multiplet, 
which cancels the vacuum energy term. This vacuum expectation value breaks the above- 
mentioned Z4-symmetry and generates gravitino masses. 



7 Conclusions and outlook 

We have developed a formalism to study effective field theory descriptions of pseudo-super- 
symmetry. This is a supersymmetry breaking mechanism that naturally arises in many open 
string models. Typically, such models contain a bulk sector with extended supersymmetry 
and boundary sectors that break different fractions of the bulk supersymmetry. But the 
complete supersymmetry is still non-linearly realized. We have shown how to consistently 
couple M = 2 supersymmetric multiplets in the bulk to M = 1 matter on the boundaries. 
For a pseudo-supersymmetry toy model containing an M = 2 vector in the bulk, we have 
computed explicitly the goldstino couplings. One interesting result is that gravitino masses 
arise only at three loops. 

the supersymmetry breaking scale; this is not related to the gravitational coupling, which is set 

by Mpi. 

7 Note that a similar result was found for a ten-dimensional non-supersymmetric type I string model JL2| . 
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There are several interesting directions for further research. First, it is a straightforward 
exercise to apply the formalism of this article to concrete D-brane models and to compute 
explicitly the scalar masses arising at two loops. 

Second, it is important to understand the coupling to supergravity in more detail. This 
was only sketched very roughly in the previous section. Most probably, one would gain new 
insights by generalizing the partial supergravity breaking of ]34j to local pseudo-supersym- 



metry [IU|. It is also interesting to analyze the mechanism that breaks the ^-symmetry and 
generates gravitino masses. 

Finally, the coupling of bulk hyper multiplets to boundary gauge multiplets is not dis- 
cussed in this paper. It would certainly be very interesting to determine these couplings. For 
a hyper multiplet <E» = ($i,$2), where $1, $2 are chiral multiplets, it is easy to construct 
a composite superfield $1 that transforms linearly under the first and non-linearly under 
the second super symmetry. However, $x is not a chiral superfield and therefore cannot be 



consistently coupled to the gauge- kinetic terms of the boundary sector. It is well-known |35| 
that in linear M = 2 supersymmetry, it is not possible to couple hyper multiplets to the 
gauge kinetic terms of vector multiplets. The results of the previous sections seem to suggest 
that it is not even possible to couple components of hyper multiplets to gauge kinetic terms 
if the second supersymmetry is non-linearly realized. This leads to a puzzle. In M = 2 
super symmetric type II string vacua, the dilaton resides in a hyper multiplet. If there are 
D-branes, then the dilaton couples to the gauge-kinetic terms on their world-volume. It is 
not clear how this coupling can be rendered non-linearly M = 2 invariant. 
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A Notation and useful formulae 
A.l Spinors 

We use the metric r\ mn = diag(— 1, 1, 1, 1) and the spinor conventions of Wess and Bagger 



20| . All spinors appearing in this article are 2-component Weyl spinors. A dot on an spinor 
index indicates that the corresponding field transforms according to the conjugate spinor 
representation of the Lorentz group. Indices are raised and lowered with the help of the 

a/3 



antisymmetric tensors e a/3 , e a n (e 12 = e 2 i = 1) 
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-ma« at/3 otfi m 

° — e e 

When spinor indices are suppressed, they are contracted as follows: 
Complex conjugation acts as 

(VO 1 = (V>x) f = x$, (^ m xY = x° m 4>- 

Some useful identities for the cr-matrices are 



(a mn ) 



m — n n — m\ (3 



[a a 



(a m a n + a n a m )£ = -2^ 5£ , 

-2 6 P 5 & 



% 2 e 



a pq = a 



Some useful Weyl spinor identities are 

e a e p 



a 9p 

m(xv) 
mm 



— € a n 66, 6 a 6^ — — 
2 p 2 

X^, 

Xv nm *P, 
1 

~2 



2 &f> 
1 ft* 90, 



(6r])(x^ + (6a mn V )( X a mn ij) 



^(6a m fj)(xa m ^). 



(A.l) 
(A.2) 
(A.3) 

(A.4) 

(A.5) 
(A.6) 

(A.7) 

(A.8) 

(A.9) 

(A.10) 
(All) 
(A.12) 

(A.13) 
(A. 14) 



A.2 Supersymmetry 

The M = 2 supersymmetry algebra without central charges is 

{Qai Qpt = {Son Sp} = 2<7^j-P m > 



(A.15) 



with all other anticommutators vanishing. When acting on fields, P rn = —id m . The M = 1 
covariant derivatives D a , are represented by differential operators on superspace, 



_d_ 



i(a m d) a d m , D„ = 
25 



d 



d6« 



i(6a m )«d m . 



(A.16) 



They satisfy the anticommutation relations 

{D a ,D p } = 0, {D a ,D $ } = -2ta^d m . (A.17) 

From (|A.16| ), we find 

° 2 s D " D ° = -Tem- 2 ^ m Te d -- m < 

B ! = D^D" = -^± s -2i0 a ^d m -00O. (A.18) 

Integration of Grassmann variables and derivation with respect to them is essentially equiv- 
alent. Normalizing the Grassmann integral measure such that J d 2 9 99 = 1, one has 

J d 2 9 = -^D 2 + total deriv., J d 2 9 = -^D 2 + total deriv. (A.19) 

A chiral superfield 9, 9) is defined by the condition D a § = 0. Its complex conjugate 
is an antichiral superfield, i.e., D a & = 0. For a chiral superfield 

$ = (p + i0 a m e d m (p + - 9999U(j) + V2 9tp - -^99d m ija m 9 + 99F, (A.20) 

4 \/2 

one has 

--D 2 § = F + iV2 9a m d m ip-i9a m 9d m F + 990(f) + -L 009u^ + -9999 UF, (A.21) 
4 y2 4 

which is an antichiral superfield, since DaDpD^ = 0. For the M = 1 chiral field strength 
superfield 



W a = -iK + 9 a D-i(a mn 9) a F mn + 9a m 9d m K + 99(a m d m \) 
-\ 99(a m 9) a (id m D - d n F mn ) - % - 



' '"'a m 9)Md m D - d n F mn ) - l -9999u\ a (A.22) 



this yields 

-^D 2 Wt] = -ir]a m d m W. (A.23) 

The M = 2 covariant derivatives introduced on page [13| are given by P 
P a = D a + in 2 (D a A g a m A g + D Q A g a m A g \ D m , 



V„ = Da + ik 2 ( y D dl A g a m Ag + DaA g a m A g ^ D m , 
D m = (^ _1 ) m n 5 n , (A.24) 
where uo^ is a generalization of (|2.3|) to the case of partially broken M = 2 supersymmetry, 

< = C - ^ 2 (d m A g a n A g + a w A 9 a"A fl ) . (A.25) 
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These are derivatives with respect to the first (linearly realized) supersymmetry but they 
are covariant with respect to the second (non-linearly realized) supersymmetry in the sense 
that they satisfy fl4.20|) . They generate the following algebra [[J 



{V a ,V p } = 2m 2 (v a (A g a m ^V^ + V p (A g a m )^ a A^)D m , 

[D a ,D m ] = 2ik 2 (v a (A g a r %D m A] + D m {K g a n )^V a kfj D n . (A.26) 

Due to the fact that A g is an M = 1 chiral superfield, which is equivalent to the condition 

V & A g = 0, (A.27) 

the algebra ( A.26Q simplifies to 

{V a ,V p } = 0, 

{V a ,Vp} = -2ia™ f3 D m + 2iK 2 V a (A g a m )^VpAi l D m , 

[V a ,D m ] = 2%K 2 V a {A g a r %D m A\D n . (A.28) 
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